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We adopt the chiral perturbation theory to calculate the Σ
(∗)
c D¯
(∗) interaction
to the next-to-leading order (NLO) and include the couple-channel effect in
the loop diagrams. We reproduce the three Pc states in the molecular picture
after including the ΛcD¯(∗) intermediate states. We also discuss some novel
observations arising from the loop diagrams.
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1. Introduction
In 2015, the LHCb Collaboration discovered two pentaquark candi-
dates Pc(4380) and Pc(4450) in the J/ψp invariant mass spectrum of
Λb → J/ψKp1 (or see Ref. 2 for a review). Recently, the LHCb Col-
laboration updated these results3. The previously reported Pc(4450) was
resolved into two states Pc(4440) and Pc(4457), and a new state Pc(4312)
was observed with 7.3σ significance. These three states are narrow and
their masses lie below the thresholds of ΣcD¯
(∗). Thus, they are good can-
didates of the ΣcD¯
(∗) molecules. The theoretical calculation in different
approaches all supports their molecular nature4–7.
Chiral perturbation theory (ChPT) is the effective field theory of low
energy QCD, which was used to build the modern theory of nuclear force8,9.
In this work, we adopt the ChPT to study the Σ
(∗)
c D¯(∗) interaction10,11,
which is less model-dependent than other previous works. We take the loop
diagrams into consideration, which give rise to some novel effects.
2. Formalism
The ChPT is performed to calculate the Σ
(∗)
c D¯∗ effective potentials to
the next-to-leading order (NLO). The topological diagrams involved in the
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Fig. 1. Topological diagrams contributing to the LO and NLO Σ
(∗)
c D¯
∗ interaction.
calculation are presented in Fig. 1. The leading order (LO) diagrams in-
clude the tree level contact interaction and one-pion-exchange diagrams.
The NLO diagrams are the two-pion-exchange ones. In our calculation,
the intermediate matter fields (double lines in Fig. 1) could be Σc, Σ
∗
c , D¯
and D¯∗. We keep the mass splittings between the heavy quark spin (HQS)
partner states, thus our results could give the heavy quark spin symmetry
(HQSS) violation effect. Since the Σ
(∗)
c Λcpi couplings are competitive com-
pared with the Σ
(∗)
c Σ
(∗)
c pi ones, we also include the Λc as the intermediate
states in the loops.
Only  e las t ic  Channe l
two-pion exchangeone-pion exchange
(subtraction) (no substraction)
one-pion exchange two-pion exchange
With inelastic Channel
(subtraction
) (subtraction)
Fig. 2. Two approaches to couple-channel effect.
For the box diagrams, we could deal with the couple-channel effect
through two approaches as illustrated in Fig. 2. From the view of time-
ordered perturbation theory (TOPT), the box diagrams can be divided
into the one-pion-iteration part and other part, see Fig. 3. For the one-
pion-iteration part, the amplitude reads,
M ∼ (Einital − Einter)−1
≈
[(
m1 +m2 +
p21
2m1
+
p22
2m2
)
−
(
m′1 +m
′
2 +
p′21
2m′1
+
p′22
2m′2
)]−1
.(1)
When the intermediate states are the same as the external lines, i.e.,
m1 = m2 and m
′
1 = m
′
2, like NN systems, the amplitude would be am-
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plified to destroy the power counting. We adopt the Weinberg’s formal-
ism to handle this problem12. We subtract the one-pion-iteration part in
the box diagrams and recover their contribution by solving the Lippmann-
Schwinger or Schro¨dinger equation. For Σ
(∗)
c D¯(∗) systems, the intermediate
states could be different from the external lines. The power counting works
well for these box diagrams. Therefore, we could either subtract the one-
pion-iteration part and include inelastic channels in tree diagrams or keep
the one-pion-iteration part and only include the elastic channels in tree di-
agrams. In this work, we adopt latter approaches as shown in the left panel
of Fig. 2.
Fig. 3. Box diagrams in TOPT. Fig. 4. Two possible spin assignments for Pc states.
3. Results and discussions
Our LO results keep the heavy quark symmetry, which read,
VΣcD¯ = Vc, VΣcD¯∗ = Vc + VssS1 · S2. (2)
There are two possible spin assignments for the three Pc states as shown
in Fig. 4. Three states have the same central potential and their binding
energy splittings arise from the spin-spin interaction. If we treat spin-spin
interaction as a perturbation, the ratio of the binding energy splitting is
exactly the ratio of spin-spin interaction. Therefore, the spin Set-I in Fig. 4
is favored.
At the NLO, we include loop diagrams which bring some novel effects.
The mass splittings between HQS partner states give rise to considerable
HQSS violation for Σ
(∗)
c D¯ systems. Meanwhile, the new spin structure
(S1 ·S2)2 appears at the loop level for the Σ∗cD¯∗ 11, which is different from
the two nucleon systems.
We have two unknown low energy constants (LECs), D1 and D2, to the
NLO. We vary the two LECs and try to reproduce three states simulta-
neously. The result is presented in Fig. 5. Three bands correspond to the
regions of parameters in which the bound states have the binding energy
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Fig. 5. The numerical results without and with Λc intermediate states to the NLO.
[−30, 0] MeV. The three black lines represent the set of parameters corre-
sponding to the experimental results. The left and right graphs in Fig. 5
are the results without and with the Λc as intermediate states, respectively.
The three Pc states can coexist only when the couple-channel effect from
ΛcD¯
(∗) is considered11. With the D1 and D2 being fixed, there exist bound
solutions for all seven S-wave Σ
(∗)
c D¯ channels as listed in Table. 1. It is
possible to find the predicted states in the future experiments.
Table 1. The binding energies ∆E of I = 1
2
hidden-charm Σ
(∗)
c D¯
(∗) systems.
[ΣcD¯] 1
2
[ΣcD¯∗] 1
2
[ΣcD¯∗] 3
2
[Σ∗cD¯] 3
2
[Σ∗cD¯∗] 1
2
[Σ∗cD¯∗] 3
2
[Σ∗cD¯∗] 5
2
∆E −4.6 −22.5 −3.2 −34.5 −14.3 −3.4 −0.3
In Table 2, we compare the Σ
(∗)
c D¯(∗) systems with two nucleon systems.
Σ
(∗)
c D¯(∗) interactions have some interesting features which do not appear
in N -N systems. For example, the chiral dynamics for Σ
(∗)
c D¯(∗) systems is
the interplay between the light-light diquark in the charmed baryons and
the light quark in the charmed mesons. Thus, one should take all the heavy
quark partner states of charmed hadrons into consideration to include the
whole interacting elements.
Our analytical results are pion mass dependent. The lattice QCD sim-
ulations for the Σ
(∗)
c D¯(∗) systems are called for. Our expressions could be
used to extrapolate the lattice QCD results to the physical pion mass13.
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Table 2. Comparisons of the Σ
(∗)
c D¯
(∗) and N -N systems.
N -N Σ
(∗)
c D¯
(∗)
Chiral dynamics N −N (light diquark)-(light quark)
Inter. states ∆ Λc
Inter. states -
HQS partner states
e.g., c(qq)I=1s=1 = Σc + Σ
∗
c
Heavy quark limit -
Pinch singularity in elastic channel
Including inelastic channel
Minter vs Minitial M∆ > MN e.g., MΛc +Mpi < MΣc
Imaginary part w/o w/
Small scale expansion works fails in ΣcD¯ − ΛcD¯∗ − ΣcD¯
Spin structure σ1 · σ2 S1 · S2, (S1 · S2)2...
Weinberg composite |ED|  m
2
pi
2µ
|EPc | ∼ m
2
pi
2µ
≈ 9 MeV
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